INTRODUCTION {#S1}
============

Central nervous system (CNS) metastases are a late complication of many solid tumors. Breast cancer represents a leading cause of brain metastasis, second to lung cancer ([@R1]). Brain metastases occur in about 25--50% of breast cancer patients and limits their median survival to less than 10 months ([@R1], [@R2]). Factors that increase the likelihood of brain metastases are still under investigation; however, amplification of the human epidermal growth factor receptor 2 (*HER2*) gene, present in 20--30% of breast cancers ([@R3]), is known to be associated with decreased overall patient survival and increased metastasis to bone, lungs, liver, and brain ([@R4], [@R5]). Systemic therapies such as trastuzumab ([@R6]) are thwarted by the blood-brain barrier (BBB) and leave clinicians with a limited arsenal to effectively treat breast cancer brain metastases (BCBM). Therefore, the need to discover additional means to target HER2+ BCBM is large.

To develop effective treatments against BCBM it is crucial to understand its biology. Recent studies using paired parental/BCBM models identified overexpression of neuronal markers, such as ST6GALNAC5 (ST6), Nestin/CD133, GABA receptor and neuroserpin, in BCBM cells ([@R7]--[@R10]). The overexpression of these genes by brain metastatic cells supports their adaptation to survive and thrive in the brain microenvironment. However, the active role of these brain predominant markers in conferring BCBM has not been evaluated.

The metastatic process has unique metabolic demands critical for the adaptation and survival of tumor cells when attempting to seed in a new environment ([@R11]). Indeed, the metabolic reprogramming is now widely recognized as a hallmark of cancer and confers cells the ability to meet energetic and biomass demands. Cancer cells are known to adopt a glycolytic phenotype in the presence of oxygen despite the lower efficiency in ATP generation ([@R12]). The advantage of this metabolic reprogramming, termed the "Warburg effect", is that it yields metabolic products to promote proliferation and cell growth. In addition to reprogramming of glucose metabolism, cancer cells can also promote fatty acid metabolism and uptake to support their proliferation and metastatic potential ([@R13]--[@R17]). However, the intricacies for this tumor cell adaptation are not entirely understood. Fatty acid binding proteins (FABPs) are proposed to be central regulators of lipid metabolism and energy homeostasis due to their function in regulating fatty acid uptake and intracellular lipid droplet formation ([@R18]). Lipid droplets are hubs for the energy and lipid metabolism, and in cancer serve to protect malignant cells from reactive oxygen species and support their survival during reoxygenation post-hypoxia ([@R19]). Consequently, such regulation of fatty acid transport and storage may be one of the ways cancer cells ensure their survival.

In the present study, we have identified that overexpression of the Fatty acid binding protein 7 (*FABP7*), a brain-specific intracellular lipid binding protein, correlates with poor survival and is associated with increased incidence of brain metastases in breast cancer patients. Notably, using *in vitro* and *in vivo* studies, we show that FABP7 plays a crucial role in establishing HER2+ BCBM, through regulation of cell invasion and metabolic reprogramming that favors a glycolytic phenotype, promoting the adaptation and survival of BCBM in the brain microenvironment. Cumulatively, our results support the specific targeting of FABP7 againts HER2+ BCBM.

RESULTS {#S2}
=======

FABP7 is overexpressed in patients with breast cancer brain metastases. {#S3}
-----------------------------------------------------------------------

Previously published reports indicate an increased amount of neuronal markers overexpression in BCBM ([@R7]--[@R10]). Therefore, we aimed to identify novel potential target genes required for the formation of BCBM. For this, we performed an *in-silico* screening using publicly available microarray data sets (NKI Breast Cancer Data ([@R20]) and GSE (GSE19536, GSE14020) data sets. Analysis of the human breast cancer survival and metastasis databases ([@R20], [@R21]), identified *FABP7* as a potential brain-predominant gene correlated with poor prognosis in breast cancer patients ([Supplementary Table S1](#SD3){ref-type="supplementary-material"}). Next, breast cancer patients were divided into *FABP7* high and low expression groups at a cut-off value of 0.548 determined by recursive partitioning analysis ([@R22]). Patients showing high levels of *FABP7* presented significantly reduced survival rates compared to patients with lower levels of *FABP7* ([Fig. 1A](#F1){ref-type="fig"}). Within breast cancer patients, *FABP7* was found to be significantly increased in HER2+ and Basal/ triple-negative breast cancer (TNBC) patients, compared to patients with luminal-like breast cancer (GSE19536) ([Fig. 1B](#F1){ref-type="fig"} and [Supplementary Fig. 1A](#SD2){ref-type="supplementary-material"}). In a separate analysis, *FABP7* was shown to be significantly higher in breast cancer patients with brain metastases compared to patients with metastases to the lungs and bones (GSE14020) ([Fig. 1C](#F1){ref-type="fig"}). Next, we evaluated the expression levels of 33 brain-predominant genes associated with poor prognosis in breast cancer patients ([Supplementary Table S1](#SD3){ref-type="supplementary-material"}) by qRT-PCR using paired parental/BCBM HER2+ and TNBC models ([Supplementary Fig. 1B](#SD2){ref-type="supplementary-material"}). Our results showed a significant *FABP7* upregulation in BT474 brain-seeking (Br) cells, a HER2+ cell line with an increased ability to metastasize to brain ([@R23]), compared to parental BT474 cells. In contrast, triple-negative MDA231-Br BCBM cells showed no significant difference for *FABP7* expression compared to the parental MDA231 cells. In this model, *TUBB3* expression was significantly upregulated in MDA231-Br cells, as previously described ([@R24]). Notably, no significant differences in the expression of any other brain-predominant gene were found between paired parental/BCBM cells ([Supplementary Fig. 1B](#SD2){ref-type="supplementary-material"}).

Next, we analyzed the expression of FABP7 in different subtypes of breast cancer cell lines by Western blot. FABP7 was detected in two HER2+ breast cancer cell lines, whereas luminal-like breast cancer and TNBC subtypes showed no FABP7 expression *in vitro* ([Supplementary Fig. 1C](#SD2){ref-type="supplementary-material"}). Importantly, FABP7 levels were increased in HER2+ BT474-Br cells compared to BT474 cells, whereas no differences were seen between paired TNBC MDA231/MDA231-Br and CN34/CN34-Br cells *in vitro* ([Fig. 1D](#F1){ref-type="fig"}--[F](#F1){ref-type="fig"}).

In order to assess the expression levels of FABP7 *in vivo*, two different HER2+ (BT474-Br or BT474 and HCC 1954) and TNBC (MDA231-Br and CN34-Br) breast cancer cell lines were injected either intracranially or orthotopically in the 3^rd^ and 4^th^ mammary gland of nude mice. Mammary glands and brains were harvested from mice at the study end-time points, as described in the Methods. Histopathologic analysis confirmed the formation of tumors in the brain and mammary glands for both *in vivo* models ([Supplementary Fig. 2 A](#SD2){ref-type="supplementary-material"}, [B](#SD2){ref-type="supplementary-material"}). As expected, we confirmed a strong HER2 expression in BT474-Br, BT474 and HCC 1954 tumors, whereas no HER2 expression was found in TNBC tumors ([Fig. 1G](#F1){ref-type="fig"}, [Supplementary Fig. 2B](#SD2){ref-type="supplementary-material"}). Remarkably, our results showed high expression levels of FABP7 in BT474-Br and HCC 1954 tumors grown in the brain microenvironment, compared to BT474 and HCC 1954 tumors formed in the mammary glands ([Fig. 1G](#F1){ref-type="fig"}, [Supplementary Fig. 2B](#SD2){ref-type="supplementary-material"}). Although triple negative CN34-Br tumors formed in the brain microenvironment also expressed FABP7, this expression was absent in CN34-Br tumors formed in the mammary gland, and not as prominent as in HER2+ breast cancer cells grown in the brain ([Fig. 1G](#F1){ref-type="fig"}, [Supplementary Fig. 2A](#SD2){ref-type="supplementary-material"}, [B](#SD2){ref-type="supplementary-material"}). Additionally, no FABP7 expression was detected in MDA231-Br tumors grown in either brain or mammary glands ([Fig. 1G](#F1){ref-type="fig"}, [Supplementary Fig. 2A](#SD2){ref-type="supplementary-material"}, [B](#SD2){ref-type="supplementary-material"}).

Together, these results suggest that FABP7 might play an important role in the formation of BCBM in HER2+ breast cancer patients, thus in further studies we focused in investigating the role of FABP7 in HER2+ breast cancer.

*FABP7* promotes HER2+ BCBM cell invasion *in vitro*. {#S4}
-----------------------------------------------------

In order to understand the functional role of FABP7 in BCBM, we stably knockdown *FABP7* expression via lentiviral transduction using shRNAs (sh1 and sh2) in two different HER2+ breast cancer cell lines: BT474-Br and HCC 1569 ([Fig. 2A](#F2){ref-type="fig"},[B](#F2){ref-type="fig"}, [Supplementary Fig. 3A](#SD2){ref-type="supplementary-material"}). No morphological differences or changes in cellular proliferation or apoptosis were observed between *FABP7* knockdown (KD) BT474-Br or HCC 1569 cells and the respective controls *in vitro* ([Supplementary Fig. 3B](#SD2){ref-type="supplementary-material"}--[D](#SD2){ref-type="supplementary-material"}).

The tumor cell metastatic cascade is a unique multi-stage process where cell invasion is a key trigger factor for cancer progression and metastasis to distant organs ([@R25]). In this context, previously published data revealed that FABP7 downregulation is associated with decreased tumor cell invasion in melanoma cell lines ([@R26]). In order to evaluate the role of FABP7 on the invasion ability of metastatic breast cancer cells, *in vitro* matrigel invasion assays were performed. Our results demonstrated a significant reduction in invasion of *FABP7* KD BT474-Br cells, by 36% (± 10) for sh1 and 80.5% (± 3) for sh2 cells, respectively, compared to control cells ([Fig. 2C](#F2){ref-type="fig"}).

To confirm these results and the role of *FABP7* in invasion of breast cancer cells, we overexpressed *FABP7* using a pLVX lentiviral vector containing full-length *FABP7* in parental BT474 cells. FABP7 overexpression (OE) was confirmed at both protein and RNA levels ([Fig. 2D](#F2){ref-type="fig"}). Our data showed a significant increase in the number of invading cells after *FABP7* overexpression, compared to vector control cells ([Fig. 2E](#F2){ref-type="fig"}). Similarly, knockdown of *FABP7* in HCC 1569 cells significantly decreased the number of invasive cells compared to control ([Supplementary Figure 3E](#SD2){ref-type="supplementary-material"}), whereas *FABP7* OE in HCC 1954 cells slightly increased the invasion ability of these cells compared to control cells ([Supplementary Figure 3F](#SD2){ref-type="supplementary-material"},[G](#SD2){ref-type="supplementary-material"}).

Together, these results support a role for *FABP7* in promoting invasion of HER2+ breast cancer cells.

FABP7 controls expression of metabolic and invasion-related proteins in HER2+ BCBM cells. {#S5}
-----------------------------------------------------------------------------------------

In order to determine the effects of targeting *FABP7* on protein expression in HER2+ BCBM cells, lysates from control and *FABP7* KD BT474-Br cells were subjected to liquid chromatography tandem mass spectrometry (LC-MS/MS) using LTQ-Orbitrap. The Proteasome Discoverer™ search results were filtered by stringent criteria, which yielded 8687 proteins (including homologous isoforms). Based on the MS spectra count ([Supplementary Table S3A](#SD5){ref-type="supplementary-material"}), relative quantitative analysis of the identified proteins revealed that 256 proteins were significantly differentially expressed in *FABP7* KD BT474-Br cells compared to control cells ([Supplementary Table S3B](#SD5){ref-type="supplementary-material"}). We then performed gene ontology analysis on these proteins, which showed that proteins associated with the glycolytic process were significantly altered in *FABP7* KD BT474-Br cells compared to control cells ([Fig. 3A](#F3){ref-type="fig"}). This analysis also indicated that the expression of proteins affected by *FABP7* KD in BT474-Br cells were associated with tumor cellular movement, cell death and survival, post-translational modifications, protein folding and nucleic acid metabolism ([Fig. 3A](#F3){ref-type="fig"}). Interestingly, our results showed that the expression levels of mitochondrial precursors, regulators, interactors and oxidative phosphorylation (OXPHOS) - related proteins were significantly increased in *FABP7* KD BT474-Br cells compared to control cells ([Fig. 3 B](#F3){ref-type="fig"},[C](#F3){ref-type="fig"}). In addition, proteins involved in glycolytic processes were found to be significantly downregulated in FABP7 *KD* BT474-Br cells compared to control cells ([Fig. 3 D](#F3){ref-type="fig"},[E](#F3){ref-type="fig"}). These results suggest that FABP7 plays an important role in the regulation of metabolic reprogramming in HER2+ BCBM cells.

Additionally, consistent with a potential role for FABP7 in promoting invasion of HER2+ BCBM cells ([Fig. 2C](#F2){ref-type="fig"},[D](#F2){ref-type="fig"} and [Supplementary Fig. 3E](#SD2){ref-type="supplementary-material"},[G](#SD2){ref-type="supplementary-material"}), our mass spectrometry results also revealed a significant decrease in the levels of invasion-related proteins in *FABP7* KD BT474-Br cells compared to control cells ([Fig. 3F](#F3){ref-type="fig"}). Conversely, the expression of tight junction-related proteins, critical for the maintenance of the mammary epithelial cells interaction and prevention of metastasis ([@R27]), were found to be significantly increased in *FABP7* KD BT474-Br cells compared to control cells ([Fig. 3F](#F3){ref-type="fig"},[G](#F3){ref-type="fig"}). Consistently, ZO-2 expression was found to be decreased in *FABP7* overexpressing BT474 cells compared to controls ([Fig. 3G](#F3){ref-type="fig"}).

Together, these results support a potential role for FABP7 as a regulator of cell metabolic reprogramming and metastatic/invasive ability in HER2+ BCBM cells.

FABP7 controls metabolic reprogramming in HER2+ BCBM cells {#S6}
----------------------------------------------------------

Metabolic reprogramming is a hallmark of cancer, providing energy and substrates for various biosynthetic processes to facilitate cancer cell growth and survival under hypoxic or nutrient-scarce conditions ([@R28]). Given our mass spectrometry results, indicating a potential role for FABP7 as a regulator of cellular metabolism, we next analyzed how alterations in *FABP7* expression can influence the metabolic properties of HER2+ BCBM cells *in vitro*.

Extracellular flux analysis measuring oxygen consumption rate (OCR) is a powerful tool for the study of OXPHOS in cells ([@R29]), and was used to quantify the effect of *FABP7* KD on OCR of HER2+ BCBM cells. Notably, the basal OCR levels (reflecting basal mitochondrial activity) were significantly increased in *FABP7* KD BT474-Br cells compared to control cells ([Fig. 4A](#F4){ref-type="fig"}, [Supplementary Fig. 4A](#SD2){ref-type="supplementary-material"}). Treatment of cells with carbonyl cyanide-*4*-(trifluoromethoxy)phenylhydrazone (FCCP) allows the measurement of maximal OCR. Upon FCCP treatment, *FABP7* KD BT474-Br cells showed a significant increase in the maximal OCR when compared to control cells ([Fig. 4A](#F4){ref-type="fig"},[B](#F4){ref-type="fig"}), indicating that knocking down *FABP7* in HER2+ BCBM results in a significant enhancement of OXPHOS metabolism. Reduction in OCR after oligomycin treatment is a direct measurement of ATP-linked respiration of cells ([@R30]), and our results showed that *FABP7* KD BT474-Br cells generate significantly higher mitochondrial-dependent ATP levels as compared to control cells ([Fig. 4B](#F4){ref-type="fig"}). The same effects were observed when we knocked down *FABP7* in HCC 1569 cells ([Supplementary Fig. 4B](#SD2){ref-type="supplementary-material"},[C](#SD2){ref-type="supplementary-material"}). Additionally, further supporting a key role for FABP7 as a regulator of mitochondrial metabolism in HER2+ breast cancer cells, overexpression of *FABP7* in BT474 and HCC 1954 cells significantly decreased not only the basal and maximal OCR, but also the amount of mitochondrial-dependent ATP synthesis, compared to respective control cells ([Fig. 4 A](#F4){ref-type="fig"},[B](#F4){ref-type="fig"} and [Supplementary Fig. 4B](#SD2){ref-type="supplementary-material"},[C](#SD2){ref-type="supplementary-material"}). Together, these results suggest that FABP7 acts as a negative regulator of OXPHOS metabolism and production of ATP in the mitochondria.

Adaptation to hypoxia by the metabolic reprogramming of tumor cells is an important cellular process required for the growth and survival of breast cancer metastatic cells in the brain microenvironment ([@R31], [@R32]). In order to investigate how FABP7 expression could affect the metabolic adaptation of HER2+ breast cancer cells in the brain, we cultured control, *FABP7* KD, and *FABP7* OE HER2+ breast cancer cells under hypoxia conditions *in vitro* (1% O~2~, 5% CO~2~, 37°C) and measured the Extracellular acidification rate (ECAR). Interestingly, there was a significant decrease in the glucose stimulated ECAR and the glycolytic capacity in *FABP7* KD BT474-Br cells grown under 24h-induced hypoxic and normoxic (20.7% O~2~, 5% CO~2~, 37°C) conditions, compared to BT474-Br control cells ([Fig. 4C](#F4){ref-type="fig"}, [Supplementary Fig. 4D](#SD2){ref-type="supplementary-material"}). In contrast, *FABP7* OE in BT474 cells induced a significant increase in glycolysis under hypoxia when compared to BT474 control cells. These results suggest that FABP7 favors the glycolytic process in HER2+ breast cancer cells.

Hypoxia in tumor cells is known to induce the formation of lipid droplets (LD), cellular organelles that aid in the regulation of intracellular lipid storage and metabolism ([@R33]). In order to determine if *FABP7* induces changes in the lipid metabolic pathway, we analyzed the levels of fatty acid oxidation (FAO) in *FABP7* KD and control BT474-Br cells using extracellular flux analysis ([Fig. 4D](#F4){ref-type="fig"}). Palmitate-BSA and oleate-BSA were injected to measure lipid-oxidation, and BSA injection was used as control. Interestingly, our results revealed a significant increase in both palmitate and oleate-induced OCR in *FABP7* KD BT474-Br cells in hypoxia, compared to BT474-Br control cells ([Fig. 4D](#F4){ref-type="fig"}). No differences were seen after BSA injection ([Supplementary Fig. 4E](#SD2){ref-type="supplementary-material"}) or in normoxic conditions ([Supplementary Fig. 4F](#SD2){ref-type="supplementary-material"}) between these cell lines. Notably, we found a significant decrease in the formation of LD in *FABP7* KD BT474-Br cells and *FABP7* KD HCC 1569, compared to respective control cells, grown under normoxic and hypoxic conditions ([Fig. 4E](#F4){ref-type="fig"},[F](#F4){ref-type="fig"}, [Supplementary Fig. 4G](#SD2){ref-type="supplementary-material"}).

Taken together, these results suggest that FABP7 might act as an important metabolic switch that supports the adaptation and survival of HER2+ breast cancer cells in the brain.

FABP7 promotes integrin-Src signaling and expression of proangiogenic factors in HER2+ BCBM cells. {#S7}
--------------------------------------------------------------------------------------------------

Focal adhesion kinase (FAK) and Src family of protein tyrosine kinases coordinate multiple signaling pathways involved in tumor progression ([@R34]). Their hyperactivation in tumor cells, downstream of the integrin family of cell adhesion receptors, promotes proliferation, survival, angiogenic and metastatic events ([@R34]). Thus, we next evaluated whether FABP7 plays a role in activation of the integrin-FAK-Src signaling pathway under normoxic and hypoxic conditions. Our results showed that knockdown of *FABP7* in BT474-Br cells resulted in decreased phosphorylation of FAK at Tyr394 ([Fig. 5A](#F5){ref-type="fig"}) and Src at Tyr416 under both normoxia and hypoxia conditions compared to control cells. Notably, the levels of hypoxia-inducible factor 1-alpha (HIF1α), a protein that influences cancer cell function, alters the extracellular matrix (ECM), and increases angiogenesis ([@R35]), were also found to be markedly decreased in *FABP7* KD BT474-Br cells compared to control cells under hypoxia treatment ([Fig. 5A](#F5){ref-type="fig"}). In contrast, *FABP7* OE in BT474 cells increased both FAK and Src activation in normoxia conditions compared to control cells, and also led to an increase in phosphorylation of Src under hypoxia conditions.

Metastatic cell growth in the brain demands a sufficient degree of neovascularization to satisfy the oxygen and nutrient needs of the tumor mass ([@R32]). Thus, we next analyzed the expression of the proangiogenic vascular endothelial growth factor A (*VEGFA)* and Prolyl 4-Hydroxylase Subunit Alpha 1 (*P4HA1*), a VEGFA regulator that also regulates the ECM remodeling in response to hypoxia ([@R36], [@R37]). Our results showed an increase in *VEGFA* and *P4HA1* levels in both BT474-Br control and *FABP7* KD BT474-Br cells after induction of hypoxia for 12h and 24h compared to normoxic conditions ([Fig. 5B](#F5){ref-type="fig"}). However, the induction of both angiogenic markers upon hypoxia treatments in *FABP7* KD BT474-Br cells was significantly reduced compared to BT474-Br control cells. Moreover, hypoxia-induced *VEGFA* and *P4HA1* levels were significantly increased in BT474 cells overexpressing *FABP7* compared to BT474 control cells ([Fig. 5B](#F5){ref-type="fig"}). Similar findings were obtained using *FABP7* KD HCC1569 and *FABP7* overexpressing HCC1954 cells compared to respective controls ([Supplementary Fig. 5](#SD2){ref-type="supplementary-material"}).

Taken together, these results support an essential role for FABP7 in the regulation of key signaling molecules which are involved in the process of BCBM.

*FABP7* is required for the formation of HER2+ BCBM *in vivo* {#S8}
-------------------------------------------------------------

As our results show that *FABP7* knockdown in BCBM cells alters *in vitro* tumor cell invasion, metabolic reprogramming and pro-metastatic signaling pathways, we next sought to determine the role of FABP7 *in vivo* using preclinical models of BCBM.

In initial studies, BT474-Br, *FABP7* KD BT474-Br, BT474 and *FABP7* OE BT474 cells were injected intracranially in nude mice, and survival was monitored. Mice in the BT474-Br control group exhibited a median survival of 62 days, whereas only one mouse in the *FABP7* sh1 KD BT474-Br group died at day 112 and none of the mice in the *FABP7* sh2 KD BT474-Br group died throughout the length of our study ([Fig. 6A](#F6){ref-type="fig"}, left panel). On the other hand, mice in the *FABP7* OE BT474 group presented a significant decrease in survival compared to BT474 control group ([Fig. 6A](#F6){ref-type="fig"}, right panel). Histopathologic analysis of brain sections harvested from mice from each group, confirmed the formation of a tumor mass in the brains of mice in the BT474-Br, BT474 and *FABP7* OE BT474 groups, and in the brain of the mouse that died in the *FABP7* sh1 KD BT474-Br group ([Fig. 6B](#F6){ref-type="fig"}, upper panels). No tumor formation was observed in the brain of the rest of the mice in *FABP7* sh1 and sh2 KD BT474-Br groups ([Fig. 6B](#F6){ref-type="fig"}, upper panels, representative picture from sh2 group). Moreover, high levels of FABP7 were found to be expressed in the tumors formed in the brain of mice from the BT474-Br, BT474, and *FABP7* OE BT474 groups by immunofluorescence analyses ([Fig. 6B](#F6){ref-type="fig"}, lower panels). Interestingly, FABP7 levels in the tumor developed in the brain of the mouse that died in the *FABP7* sh1 KD BT474-Br group were similar to the FABP7 levels observed in the BT474-Br control group ([Fig. 6B](#F6){ref-type="fig"}), whereas FABP7 levels were almost absent in the brain sections from *FABP7* sh1 and sh2 KD BT474-Br groups with no tumors ([Fig. 6B](#F6){ref-type="fig"}, lower panel, representative picture from sh2 group).

Notably, in *in vitro* assays, we observed a marginal difference in proliferation between *FABP7* KD BT474-Br and *FABP7* OE BT474 cells compared to the respective control cells under normoxia and hypoxia conditions ([Supplementary Fig. 6](#SD2){ref-type="supplementary-material"}), similar to what was shown under normal conditions ([Supplementary Fig 2C](#SD2){ref-type="supplementary-material"}). Thus, differences in proliferation between these cells do not seem to be the driver of the differences in survival observed in our *in vivo* studies.

Next, we sought to determine whether overexpression of FABP7 plays a role in tumor growth in the primary site. For this, BT474 and *FABP7* OE BT474 cells were orthotopically injected in the 3^rd^ and 4^th^ mammary gland of nude mice and tumor volume was monitored. There were no differences in mammary tumor growth observed between control and *FABP7* OE BT474 group ([Supplementary Fig. 7A](#SD2){ref-type="supplementary-material"}). Successful overexpression of *FABP7* in the tumors developed in mice from the *FABP7* OE BT474 group was confirmed by immunofluorescence analysis in comparison to tumors isolated from mice in the BT474 control group ([Supplementary Fig. 7B](#SD2){ref-type="supplementary-material"}). Together, our *in vivo* studies suggest that FABP7 plays a specific role in the tumor growth of breast cancer cells in the brain microenvironment.

In order to better understand the functional role of FABP7 on the metastatic behavior of breast cancer cells *in vivo*, BT474 and *FABP7* OE BT474 cells were injected systemically via an intracardiac route, and BCBM formation was determined by *in vivo* bioluminescence imaging (BLI). Our results showed that only 9% of the mice injected with BT474 control cells developed brain metastases 12 weeks after injection, whereas BCBM incidence was significantly increased to 64% in mice injected with *FABP7* OE BT474 cells ([Fig. 6C](#F6){ref-type="fig"}). Moreover, the BLI intensity in *FABP7* OE BT474 group was significantly increased compared to control BT474 group ([Fig. 6C](#F6){ref-type="fig"}).

Taken together, these results support a role for FABP7 as a key regulator of HER2+ BCBM formation, at least in part, through controlling the adaptation and survival of breast cancer cells in the brain microenvironment.

DISCUSSION {#S9}
==========

Brain metastasis is a major cause of mortality in breast cancer patients, and there is an urgent need to determine molecular targets for the treatment of breast cancer brain metastases. This study's aim was to identify potential targetable brain-predominant genes ectopically expressed in breast cancer cells, which enable their adaptation and growth within the brain microenvironment. Our results identified FABP7 as a key regulator of brain metastatic potential of HER2+ breast cancer cells by promoting tumor cell invasion, expression of angiogenesis regulators, and integrin-Src signaling pathway. Furthermore, we demonstrate that FABP7 controls the metabolic reprogramming of HER2+ breast cancer cells, events previously shown to be essential for adaptation, survival and growth of metastatic cells in the brain microenvironment ([@R38]), and is required for the establishment and growth of HER2+ BCBM in the brain. In contrast, although FABP7 expression is increased in Basal/TNBC patients compared to luminal-like breast cancer patients, this protein seems to have a less prominent role in the formation of TNBC brain metastases, as CN34-Br and MDA231-Br cells do not show increased expression of FABP7 compared to the parental cells *in vitro*, and FABP7 expression was either absent or low in TNBC-Br cells grown in the brain microenvironment.

FABP7 is a brain-specific intracellular lipid binding protein expressed primarily in radial glial cells during development ([@R39]). This protein belongs to a large family of hydrophobic ligand-binding proteins that promote cellular uptake and transport of fatty acids, regulation of metabolic pathways, gene expression, and cellular growth ([@R40], [@R41]). Previous studies described the role of other members of this superfamily of binding proteins in the progression and metastasis of different tumors, including FABP3 in non-small cell lung cancer ([@R42]) and FABP4 and FABP5 in TNBC, prostate, colorectal and ovarian cancer ([@R43]). Additionally, overexpression of FABP7 has been previously associated with increased tumor cell migration and invasion in glioma cell lines, and reduced survival in grade IV astrocytoma, glioblastoma multiforme, melanoma and renal cell carcinoma patients ([@R26], [@R44]--[@R46]). Recent impactful studies have shown that increased expression of different FABP family members, including FABP4, FABP5 and FABP7, are important to breast cancer development and progression ([@R47]--[@R51]). Specifically, these studies demonstrate that circulating FABP4 ([@R47]) or stromal expression of FABP4 and FABP5 ([@R48], [@R51]) can directly promote breast carcinogenesis by enhancing breast cancer cell proliferation and interaction with the surrounding microenvironment. Supporting these findings, here we demonstrate that *FABP7* overexpression correlates with poor overall survival in breast cancer patients and is upregulated in HER2+ and TNBC breast cancer patients compared to luminal-like breast cancer patients, which have a better disease prognosis. In addition, we show that *FABP7* is up-regulated in breast cancer patients with brain metastases compared to patients with metastasis to other organs. Notably, FABP7 expression was not detected in breast cancer tumors grown in the primary site, whereas its levels were up-regulated when TNBC CN34-Br and HER2+ breast cancer tumors grew in the brain, supporting a potential role of FABP7 for adaptation and survival of breast cancer cells in this microenvironment. Importantly, the expression of βIII tubulin (*TUBB3*) a brain-predominant gene that we have previously identified as important for formation of BCBM ([@R24]), was also associated with poor breast cancer patient survival in our screening.

In order to progress and disseminate to secondary organs, a metastatic tumor cell must acquire invasive properties. Invasion of breast cancer cells depends on the interaction of cancer cells with the ECM, activation of several signaling pathways, such as the integrin-mediated FAK-Src, PI3K-Akt and MAPK pathways, and expression of several mediators of angiogenesis and invasion processes ([@R36], [@R52]--[@R54]). Our results demonstrate that FABP7 enhances the invasive ability of HER2+ breast cancer cells *in vitro* and the formation of brain metastasis *in vivo*, possibly through activation of the FAK-Src signaling pathway, overexpression of angiogenic and invasion markers, such as HIF1α, VEGFA and P4HA1, and downregulation of tight-junction-related proteins, such as ZO-2. The expression of tight-junction-related proteins is critical for the maintenance of cell-cell interactions, cellular polarization, ECM remodeling, and prevention of breast cancer metastasis ([@R27], [@R55]--[@R58]). Indeed, reduction of ZO-2 levels has been previously associated with metastasis of breast tumor cells ([@R59]). In addition, knockdown of P4HA1, a critical regulator of ECM remodeling, collagen biosynthesis and VEGFA expression, in breast cancer cells completely blocks spontaneous metastasis ([@R36], [@R37]).

Energy metabolism is one of the main processes affected during the transition from healthy to cancer cell, as cancer cells preferentially utilize glucose rather than mitochondrial OXPHOS to generate energy, even in the presence of oxygen (Warburg effect) ([@R60]). Aerobic glycolysis is critical for the tumor cell to metastasize and adapt to survive in the brain microenvironment ([@R61]--[@R63]). Our results indicate that FABP7 plays a critical role in the metabolic shift in HER2+ breast cancer cells. Through proteomic analysis we found a significant reduction in several glycolytic-related proteins, such as pyruvate kinases (PKM and PKLR) and fatty acid synthase (FASN), in *FABP7* KD BCBM cells compared to control cells. Previous studies support the importance of the regulation of these genes in tumor cell progression, migration/invasion and metastasis ([@R64]--[@R66]). In agreement with these observations, FABP7 overexpression in HER2+ breast cancer cells results in enhanced glycolytic metabolism, while *FABP7* knockdown limited ECAR rate in HER2+ BCBM cells. This strongly suggest that FABP7 has positive effects on glycolytic metabolism, which is important in primary and brain metastatic breast cancer cells ([@R31], [@R67]).

Conversely to decreased the glycolytic metabolism in *FABP7* KD cells, we revealed an increase in the expression of mitochondrial precursors, interactors and OXPHOS-related proteins in *FABP7* KD BCBM cells. Analysis of OCR, a powerful tool for the study of mitochondrial function in cells ([@R29]), confirmed that FABP7 limits both basal and maximal mitochondrial respiration in HER2+ breast cancer cells. Furthermore, we found that FABP7 KD in HER2+ BCBM cells increased oxidation of fatty acids and decreased production of lipid droplets, highlighting the crucial role for FABP7 in the regulation of lipid metabolism in these cells. These compelling results suggest that FABP7 acts as a direct gatekeeper for lipid OXPHOS. By seizing lipids and shuttling them to LD, FABP7 appears to prevent excessive OXPHOS or maintain the pool of LD in metastatic breast cancer cells

Previously, formation of lipid droplets has been shown to be required for formation of brain metastases in several types of cancer ([@R68]). Together with our *in vivo* studies, targeting *FABP7* seems to inhibit HER2+ tumor growth in the brain microenvironment by reducing the capacity of these cells to perform both aerobic glycolysis and formation of lipid droplets. These findings are in agreement with previous studies supporting a role for FABP7 in the formation of LD in breast cancer cells in hypoxic conditions ([@R19]). Moreover, increased levels of LD correlate with increased survival of breast cancer and glioblastoma cells under both normoxia and hypoxia conditions ([@R19], [@R33]).

In summary, our results suggest a novel role for FABP7 in breast cancer progression, metastasis and survival in the brain microenvironment. We demonstrate that FABP7 expression is required for the adaptation and growth of HER2+ breast cancer cells in the brain microenvironment, acting as a potential switch between oxidative phosphorylation of lipids and formation of lipid droplets. Furthermore, increased FABP7 levels correlate with increased invasive and metastatic properties of HER2+ breast cancer cells. In future studies, it will be important to determine the role of FABP7 in the metastatic potential of other breast cancer cell subtypes, and to determine whether FABP7 plays further mechanistic roles in BCBM formation. Given the present results, FABP7 is a potential biomarker for increased risk of brain metastases in HER2+ breast cancer patients and future efforts should aim to develop mechanisms to target FABP7 in HER2+ breast cancer patients to prevent and/or treat BCBM.

MATERIALS AND METHODS {#S10}
=====================

Additional materials and methods can be found in the [Supplemental Information](#SD1){ref-type="supplementary-material"} available at Oncogene's website.

Cell culture and reagents {#S11}
-------------------------

Breast cancer cell lines BT474 and BT474-Br ([@R20]), kindly provided by Dr. Dihua Yu (MD Anderson Cancer Center) were maintained in DMEM 10% fetal bovin serum (FBS). HCC1569 and HCC1954 (Dr. Olopade, University of Chicago) were maintained in RPMI 10% FBS. See [supplemental information](#SD1){ref-type="supplementary-material"} for an extended cell culture description.

For lentiviral transduction, non-target control shRNA and 2 different shRNA specific to *FABP7* were procured (Sigma, MO, USA) ([Supplementary Table S1](#SD3){ref-type="supplementary-material"}). pCS6 lentiviral vector containing full-length *FABP7* was used to overexpress *FABP7* in breast cancer cells (\#BC012299, TransOMIC). Lentiviral particles were generated as in previous studies ([@R24]). (see [supplemental information](#SD1){ref-type="supplementary-material"} for a detailed description of the antibody used)

Animal experiments {#S12}
------------------

All surgical procedures were conducted in accordance with NIH guidelines on the care and use of laboratory animals for research purposes. The Institutional Committee on Animal Use at Northwestern University approved the protocols. Animal procedures were performed as in our previous studies ([@R24], [@R69]) (see [supplemental information](#SD1){ref-type="supplementary-material"} for a detailed description)

Western blotting and Immunofluorescence {#S13}
---------------------------------------

Equal amounts of total cell lysates were resolved by SDS-PAGE and processed for western blotting essentially as in our previous studies ([@R24], [@R69]). Immunofluorescence staining for FABP7 was conducted as previously described ([@R69]). See [supplemental information](#SD1){ref-type="supplementary-material"} for a detailed description

Quantitative real-time PCR {#S14}
--------------------------

RNA isolation from breast cancer cells, cDNA reverse-transcription and qRTPCR were conducted as in previous studies ([@R24]) using the primers indicated in [Supplementary Table S2](#SD4){ref-type="supplementary-material"}.

Invasion assay {#S15}
--------------

Matrigel invasion assays were conducted using Biocoat Matrigel invasion chambers (5×10^4^ cells/insert) as in our previous studies ([@R24]).

OCR and ECAR analysis {#S16}
---------------------

Extracellular flux analyses measuring OCR and ECAR were performed using the Mito Stress test protocol developed by Agilent/Seahorse Biosciences (Santa Clara, CA, USA), and measured in the Seahorse Xfe96 analyzer. Results were analyzed using the Agilent's Wave software. See [supplemental information](#SD1){ref-type="supplementary-material"} for a detailed description.

Fatty acid oxidation assay and Lipid droplet quantification {#S17}
-----------------------------------------------------------

Analyses of the fatty acid oxidation rate of breast cancer cells were performed using the Agilent/Seahorse mitochondrial stress test assay modified with an initial lipidic injection with palmitate-BSA (Agilent/Seahorse Biosciences) or oleate-BSA (Sigma, MO, USA) as in our previous studies ([@R70]). LD detection was performed as previously described ([@R71]), and LD quantification was carried out as described in the [supplemental information](#SD1){ref-type="supplementary-material"}.

Statistical Analysis {#S18}
--------------------

All statistical analyses were performed using GraphPad Prism 7.03 (Graphpad Software, Inc). Student's t-test was used for comparisons between two groups. One-way analysis of variance (ANOVA) was used to compare more than two groups followed by Tukey's test. Survival curves were generated by Kaplan--Meier, and the log-rank test was used to compare the distributions of survival time. Recursive partitioning analysis ([@R22]) was used to establish an optimal cut-off point of FABP7 expression for predicting survival in breast cancer patients (see [supplemental information](#SD1){ref-type="supplementary-material"} for a detailed description). Results are representative of three independent experiments, and bar graphs represent means ± SD unless otherwise specified. Normality assumption was checked by using Shapiro-Wilk test with Quantile-Quantile plots and equal variance assumption was checked by using Brown-Forsythe test together with residual plot for continuous variables. Sample size was determined based on similar experiments in previous publications. *p* values \<0.05 were considered statistically significant.
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![Increased levels of FABP7 correlate with poor survival in breast cancer patients and greater incidence of brain metastases in HER2+ breast cancer.\
A) Kaplan Meier survival curves showing percent of survival between breast cancer patients with high (n=61) versus low (n=227) expression levels of FABP7. Data were extracted from NKI Breast Cancer database ([@R20]). B) FABP7 relative gene expression levels are shown for patients in Luminal A (n=45), Luminal B (n=16), HER2+ (n=18) and Basal/TNBC (n=16) breast cancer patients, as indicated, using *Enerly E. et.al* ([@R72]) data set (GSE19536). C) FABP7 relative gene expression levels are shown in metastasis to other organs (lung, bone) (n=14) versus metastasis to the brain (n=14) in breast cancer patients using *Zhang XH. et. al*. ([@R21]) data set (GSE14020). C-E) Expression of FABP7 levels in TNBC (MDA231, CN34) and HER2+ breast cancer (BT474) cells and their brain metastatic (Br) counterparts. D) Quantitative RT-PCR analyses of the relative mRNA expression of FABP7, normalized to GAPDH levels, is shown for the indicated cell lines. Data are expressed as fold change over respective parental cell line. Results are representative of three independent experiments, and bar graphs represent means ± SD. E) The indicated cell lines were lysed and equal amounts of whole-cell lysates were resolved by SDS-PAGE. Immunoblots were probed with antibodies against FABP7 and GAPDH (loading control). Immunoblot images are representative of three independent experiments. F) Representative immunofluorescence pictures, from three independent experiments, showing FABP7 expression (green) in the indicated cells. Nuclear staining is shown in blue (DAPI). G) Representative immunofluorescence pictures of brain sections harvested from mice injected intracranially with the indicated cell lines (n = 5 per cell line). HER2 staining is shown in red, FABP7 staining is shown in green and nuclear staining is shown in blue (DAPI). Statistical analyses were performed using log rank test (A), two-tailed t-test (C) and one-way ANOVA with post-hoc Tukey's test (B, D): \*\*\*\* *p*\<0.0001; \*\*\* *p*\<0.001; \*\* *p*\<0.01.](nihms-1529082-f0001){#F1}

![FABP7 is required for HER2+ breast cancer cells invasion *in vitro*.\
(A-C) BT474-Br and HCC1569 HER2+ breast cancer cells were transduced with non-target control shRNA (Crtl-sh) or with two distinct specific shRNAs targeting *FABP7* (sh1 and sh2) and stable clones were selected to generate *FABP7* knockdown (KD) (sh1 and sh2) BT474-Br and HCC1569 cells, as indicated. A) Stable cells were lysed and equal amounts of whole-cell lysates were resolved by SDS-PAGE, as indicated. Immunoblots were probed with antibodies against FABP7 and GAPDH (loading control). Immunoblot images are representative of three independent experiments. B) Representative immunofluorescence pictures, from three independent experiments, showing FABP7 expression (red) in the indicated cells. Nuclear staining is shown in blue (DAPI). C) BT474-Br control (Ctrl-sh) and *FABP7* KD (sh1 and sh2) cells were subjected to invasion assays, and cells that invaded through the matrigel-coated transwell inserts were stained and counted. (top panel) Data are expressed as percent of invasive cells over control and bar graphs represent means ± SD. (bottom panel) Representative images are shown. D-E) HER2+ BT474 breast cancer cells were transduced with control vector (Control) or FABP7 plasmid and stable clones were selected to generate *FABP7* overexpressing (OE) BT474 cells. D) (left panel) Stable cells were lysed and equal amounts of whole-cell lysates were resolved by SDS-PAGE, as indicated. Immunoblots were probed with antibodies against FABP7 and GAPDH (loading control). Immunoblot images are representative of three independent experiments. (right panel) Quantitative RT-PCR analyses of the relative mRNA expression of FABP7, normalized to GAPDH levels, is shown for the indicated cells. Data are expressed as fold change over Control cells. Results are representative of three independent experiments, and bar graphs represent means ± SD. E) BT474 Control and *FABP7* OE cells were subjected to invasion assays and cells that invaded through the matrigel-coated transwell inserts were stained and counted. (left panel) Data are expressed as percent of invasive cells over Control, and bar graphs represent means ± SD. (right panel) Representative images are shown. Statistical analyses were performed using one-way ANOVA with post-hoc Tukey's test (C) and two-tailed t-test (D,E): \*\*\*\* *p*\<0.0001; \* *p*\<0.05.](nihms-1529082-f0002){#F2}

![FABP7 is essential for expression of metabolic and invasion-related proteins in HER2+ BCBM cells.\
A-F) Total protein extracts from control BT474-Br (Ctrl-sh) and *FABP7* KD BT474-Br (FABP7 sh2) cells were subjected to LC-MS/MS analysis using LTQ-Orbitrap. From the 8687 total proteins identified, 256 proteins were significantly differentially expressed in *FABP7* KD BT474-Br cells compared to control cells. Ingenuity® gene ontology (GO) analysis of the 256 proteins differentially expressed between *FABP7* KD BT474-Br cells and control cells was performed. A) Tables show the top 5 canonical pathways and molecular and cellular functions altered in *FABP7* KD BT474-Br cells compared to control cells. B) Fold change increased expression levels of proteins related with mitochondrial function in *FABP7* KD BT474-Br cells over control cells. C) GO term analysis was used to identify enriched biological processes. Table shows the top 6 biological processes up-regulated in *FABP7* KD BT474-Br cells compared to control cells. D) Fold change decreased expression levels of proteins related with the glycolytic process in *FABP7* KD BT474-Br cells over control cells. E) GO term analysis was used to identify enriched biological processes. Table shows the top 6 biological processes down-regulated in *FABP7* KD BT474-Br cells compared to control cells. F) Fold change increased expression levels of proteins involved in the tumor cell invasion processes (top) and fold change decreased expression levels of tight junction-related proteins (bottom) in *FABP7* KD BT474-Br cells compared to control cells. G) BT474-Br control (Ctrl-sh), *FABP7* KD BT474-Br (sh1 and sh2), BT474 control (Ctrl), and *FABP7* overexpressing BT474 (OE) cells were lysed and equal amounts of whole-cell lysates were resolved by SDS-PAGE and immunobloted with antibodies against ZO-2 and GAPDH (loading control). High a low exposure (exp) of ZO-2 levels are shown.](nihms-1529082-f0003){#F3}

![FABP7 regulates the metabolic reprogramming in HER2+ BCBM cells.\
**(A-B)** Time course analysis for the measurement of oxygen consumption rate (OCR) and ATP-linked respiration in BT474-Br control (Ctrl-sh), *FABP7* KD BT474-Br (sh1 and sh2), BT474 control (Control), and *FABP7* overexpressing BT474 (OE) cells. A) Basal OCR conditions are shown, followed by sequential addition of oligomycin (2 μM), FCCP (2 μM) and Rtn/aa (0.5 μM) for the indicated cells. B) (top panel) Maximal OCR levels and (bottom panel) mitochondrial-dependent ATP synthesis in cells was calculated after olygomicin treatment. (A-B) Results are representative of three independent experiments, and bar graphs represent means ± SD. C) Time course analysis for the measurement of the extracellular acidification rate (ECAR) was performed in BT474-Br control (Ctrl-sh), *FABP7* KD BT474-Br (sh1 and sh2), BT474 control (Control), and *FABP7* overexpressing BT474 (OE) cells grown in hypoxic (1% O~2~) conditions for 24h. (top panels) Basal ECAR conditions are shown, followed by sequential injection of glucose (10 mM), oligomycin (1 μM) and 2DG (50 mM). (bottom panels) Glucose stimulated ECAR and Glycolytic capacity in cells were measured after addition of glucose and oligomycin respectively. Results are representative of three independent experiments, and bar graphs represent means ± SD. D) Time course analysis for the measurement of the fatty acid oxidation in BT474-Br control (Ctrl-sh), *FABP7* KD BT474-Br (sh1 and sh2) grown in hypoxic (1% O~2~) conditions for 24h. Palmitate-BSA (100 μM) or oleate-BSA (100 μM) were injected to cells, followed by sequential injection of oligomycin (2 μM), FCCP (4 μM) and Rtn/aa (0.5 μM). (bottom panels) Palmitate and oleate-induced OCR in cells were calculated after its injection. Results are representative of three independent experiments, and bar graphs represent means ± SEM. (E-F) Lipid droplet (LD) quantification, based on Nile-Red positive staining, was performed in BT474-Br control (Ctrl-sh) and *FABP7* KD (sh1 and sh2) cells grown in hypoxic (1% O~2~) and normoxic (20.7% O~2~) conditions for 24h. E) Number of LD per cell based on Nile-Red positive immunostaining (IF). Results are representative of three independent experiments, and bar graphs represent means ± SEM. F) Representative immunofluorescence pictures, from three independent experiments, showing LD levels (green) in the indicated cells. Nuclear staining is shown in blue (DAPI). (A-E) Statistical analysis were performed using one-way ANOVA with post-hoc Tukey's test and two-tailed t-test. \*\*\* p\<0.001; \*\* p\<0.01; \* p\<0.05](nihms-1529082-f0004){#F4}

![*FABP7* knockdown in HER2+ BCBM cells attenuates the integrin-Src signaling and the expression of proangiogenic factors.\
A) BT474-Br control (Ctrl-sh), *FABP7* KD BT474-Br (sh2), BT474 control (Control), and *FABP7* overexpressing BT474 (OE) cells grown in hypoxic (1% O~2~) and normoxic (20.7% O~2~) conditions for 24h were lysed and equal amounts of whole-cell lysates were resolved by SDS-PAGE. Immunoblots were probed with antibodies against HIF1α, pFAK (phosphorylation at Y394), total FAK, pSrc (phosphorylation at Y416), total Src, and GAPDH (loading control). Immunoblot images are representative of three independent experiments. B) Quantitative RT-PCR analyses of the relative mRNA expression of VEGFA (top) and P4HA1 (bottom), normalized to GAPDH levels, is shown for the indicated cells. Data are expressed as fold change of hypoxia-treated cells (12h and 24h) over respective normoxic conditions. Results are representative of three independent experiments, and bar graphs represent means ± SD. Statistical analysis were performed using one-way ANOVA with post-hoc Tukey's test. \*\*\* p\<0.001; \*\* p\<0.01; \* p\<0.05.](nihms-1529082-f0005){#F5}

![FABP7 is required for the formation of HER2+ breast cancer brain metastases cells *in vivo*.\
A-B) BT474-Br control (Ctrl-sh), *FABP7* KD BT474-Br (sh1 and sh2), BT474 control (Control), and *FABP7* overexpressing BT474 (OE) cells were injected intracranially in nude mice (5×10^5^ cells/brain), and survival was monitored. A) (left panel) Kaplan Meier graph showing percent of survival between BT474-Br control (Ctrl-sh) and *FABP7* KD BT474-Br (sh1 and sh2) groups. Median survival in BT474-Br control (Ctrl-sh) were 62 days, whereas only one mouse (out of 10) in the *FABP7* sh1 KD BT474-Br group died at day 112. Log rank test was applied to compare mice survival (n=10 per group, \*\*\*\* p\<0.0001). (right panel) Kaplan Meier graph showing percent of survival between BT474 control (Ctrl), and *FABP7* overexpressing BT474 (OE) cells (median survival of 53 and 63 days, respectively). Log rank test was applied to compare mice survival (n=8 per group; \*\* p\<0.0039). B) Representative histopathological images (H&E) (top) and immunofluorescence pictures (bottom) of brain sections harvested from mice from the indicated groups. FABP7 staining is shown in red, nuclear staining is shown in blue (DAPI). C) Firefly luciferase-positive BT474 control (Ctrl), and *FABP7* overexpressing BT474 (OE) cells were injected systemically via an intracardiac route (3×10^5^ cells/mouse, n=11 per group), and BCBM formation was monitored using bioluminescence imaging (BLI) signals (photons/second). (left panel) Representative firefly luciferase BLI images of BCBM formation in mice from the indicated groups 1 week and 12 weeks after tumor cell injection. Scale bar shows pseudocolor display for photon flux with red and blue representing highest and lowest values, respectively. (right panel) Percentage of BCBM incidence (top) and BLI signal intensity (log10 p/sec/cm2/sr) (bottom, represented as box plot) in mice from the indicated groups at the indicated time points. Statistical analysis were performed using Fisher's exact test (top, \* p=0.0237) and two way ANOVA followed by Sidak's test (bottom, \*\*\* p\<0.001).](nihms-1529082-f0006){#F6}
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